INTRODUCTION
Spinocerebellar ataxia type 7 (SCA7) is one of 29 inherited SCAs, and features not only progressive spinocerebellar degeneration, but also a unique manifestation of retinal degeneration. Neurodegeneration in SCA7 patients leads to abnormal gait, uncoordinated movements, dysarthia, dysphagia and visual loss, usually followed by early lethality. SCA7 is dominantly inherited and is caused by expansion of a CAG repeat in the ATAXIN7 gene that is translated into a poly-glutamine (polyQ) tract in ATAXIN7 (ATXN7). SCA7 pathogenic expansion mutations range from 37 to more than 200 repeats (1) (2) (3) (4) . The length of the expanded CAG repeats correlates inversely with the onset of symptoms and directly with disease progression (2, 5) .
Genetic and biochemical studies have provided conflicting views as to the underlying causes of neurotoxicity associated with polyQ expansions in ATXN7 or other affected genes in spinocerebellar ataxias. Insertion of polyQ tracts into heterologous proteins or expression of a polyQ peptide alone in mice leads to neurological phenotypes and aggregation of the polyQ protein or peptide (6, 7) . These studies suggest that the expanded polyQ tract itself is toxic. However, more recent studies indicate that the native functions of the disease proteins are required for the development of neurological symptoms. For example, polyQ expansions in the androgen receptor (AR) are associated with spinobulbar muscular atrophy (SBMA) (8) . Both ligand binding and nuclear translocation of polyQ-AR are required for manifestation of SBMA, and disrupting AR interactions with transcriptional coregulators suppresses SBMA neurodegeneration in a Drosophila model (9 -11) . These data indicate that the normal functions of AR are required for disease development, as * To whom correspondence should be addressed at: 1808 Park Road 1C, PO Box 389, Smithville, TX 78957, USA; Tel: +1 5122379401; Email: sroth@mdanderson.org further supported by the observation that over-expression of wt AR causes mild neurodegeneration, even in the absence of a polyQ expansion. Similarly, wt functions of the Ataxin-1 protein, particularly interactions with its native partners, are required for the development of SCA1 phenotypes in mice, and a SCA1-like phenotype can be induced by overexpression of Ataxin-1-lacking polyQ expansion (12) (13) (14) .
SCA7 neuropathology has been proposed to be linked to the functions of ATXN7-interacting proteins within the multicomponent SAGA complex (15) (also known as STAGA or TFTC in mammalian cells). SAGA plays an evolutionarily conserved role in transcriptional coactivation, mediated through its two histone-modifying activities-histone acetyltransferase (HAT) via Gcn5 (16) , and deubiquitinase (DUB) via Usp22 (17, 18) . ATXN7 in itself has no enzymatic activity, but it resides within the DUB submodule of SAGA and may serve to anchor this module to the main complex (18, 19) . Loss of Gcn5 function displaces the DUB module from SAGA, compromising its enzymatic functions (20) . However, the role of Atxn7 or the DUB module in SAGA during mammalian development has not yet been defined.
In a polyQ -Atxn7 knock-in mouse model, transcriptional downregulation was demonstrated to be an early event leading to photoreceptor dysfunction, retinal degeneration and visual impairment (21) . These data are consistent with diminished transcriptional coactivator functions of SAGA in the presence of polyQ -Atxn7. Multiple studies indicate that polyQ -Atxn7 is incorporated into SAGA (22) (23) (24) , and two of these studies indicate that it adversely affects the HAT activity of the complex (22, 23) . These studies point to a loss of function in Gcn5 and SAGA triggered by polyQ -Atxn7 in SCA7. In direct contrast to these results, Helmlinger et al. (25) reported that SAGA complexes isolated from SCA7 mouse models exhibited wt levels of HAT activity, and that polyQ -Atxn7 led to increased recruitment of SAGA to target promoters, resulting in hyperacetylation of histone H3. In this case, the wt functions of Atxn7 and SAGA would appear to be necessary for SCA7 disease, resembling the recent results reported for SCA1 and SBMA described above.
To gain further insights into the importance of Gcn5 and SAGA in SCA7, we examined the effects of Gcn5 mutations in mice bearing polyQ -Atxn7. Our previous work demonstrated that Gcn5 functions are essential for mouse embryo survival, as well as for multiple events during embryonic development, including neural tube closure and anterior -posterior patterning of the ribs (26) (27) (28) (29) . Here, we report that partial loss of Gcn5 functions accelerates neuronal dysfunction and pathology in an SCA7 mouse model. Interestingly, however, complete deletion of Gcn5 in Purkinje cells, the neuronal cells most affected in SCA7, is not sufficient to induce severe ataxia in the presence of wt Atxn7. Further, we show that in the SCA7 retina, this acceleration in pathogenesis is not accompanied by changes in the expression of known Atxn7 target genes, and so may involve non-transcriptional functions of SAGA. Together, these data demonstrate that Gcn5 loss-of-function can contribute to SCA7, further indicating that polyQ -Atxn7-interacting proteins within SAGA are important for development of this disease.
RESULTS

CAG repeat length inversely correlates with lifespan of polyQ -Atxn7 knock-in mice
To assess the role of Gcn5 in the neurodegeneration observed in a mouse model of SCA7, we introduced different mutant alleles of Gcn5 into polyQ -Atxn7 knock-in mice that express polyQ -Atxn7 from the endogenous Atxn7 locus. We predicted that if reduced Gcn5 function contributes to SCA7 pathogenesis, reducing Gcn5 expression would enhance disease progression. Although the previously reported polyQ -Atxn7 knock-in line, Atxn7 266Q/5Q , nicely recapitulates the infantile form of SCA7 (21) , disease progression in these mice occurs rapidly, making it difficult to observe an enhancement of the already severe SCA7 phenotypes. Therefore, to better characterize the role of Gcn5 loss-of-function, we utilized SCA7 mouse lines that have a more moderate disease progression.
The length of the CAG repeat in the Atxn7 gene correlates inversely with the timing of disease-onset, and directly with severity, so we characterized the disease progression and the age of lethality in Atxn7 mutant mice bearing shorter polyQ tracts (2, 4, 5, 30) . Specifically, we compared the life span of mice bearing no expansion in Atxn7 (Atxn7 5Q/5Q ) to those bearing 100 CAG repeats (Atxn7 100Q/5Q ) or 230 CAG repeats (Atxn7 230Q/5Q ) in one allele of Atxn7. Both Atxn7 100Q/5Q and Atxn7 230Q/5Q mice develop previously described symptoms of SCA7 mouse models including weight loss, kyphosis, ataxia, ptosis, tremors, gradual loss of mobility [data not shown; (21) ]. We recorded the age at which these animals died or became moribund up to 24 months. Wt Atxn7 5Q/5Q mice (Fig. 1A ) had a lifespan of more than 24 months, whereas Atxn7 100Q/5Q mice had a significantly shorter lifespan (P , 0.001), averaging 18.7 months. Atxn7 230Q/5Q mice died at a very early age, with a lifespan averaging only 3.5 months (Fig. 1A) . The shorter lifespan of the animals bearing longer repeats confirms the correlation between repeat length and lethality in these mouse models of SCA7. Disease progression was accelerated by the presence of a second polyQ-expanded allele of Atxn7, as Atxn7 100Q/100Q mice died at an earlier age than did the Atxn7 100Q/5Q mice (P , 0.001), with a lifespan averaging 12.1 months (Fig. 1A and B).
Reducing Gcn5 levels enhances the lethality of SCA7 mouse models Gcn5 null mice are embryonic lethal (29) . Therefore, to assess the role of partial loss-of-function of Gcn5 in SCA7 pathogenesis, we introduced a hypomorphic allele of Gcn5, which reduces the level of Gcn5 expression and activity, into Atxn7 100Q/5Q mice. The hypomorphic Gcn5 fn allele contains an intronic neomycin cassette insertion that lowers Gcn5 expression to 20% of wt levels in the homozygous state (27) . Mice homozygous for this allele can survive to adulthood, albeit at 8% of expected frequency (28) . We created Atxn7 100Q/5Q ; Gcn5 fn/fn mice and found that the combination of these alleles resulted in lethality at postnatal day 1 (P1)
(data not shown). This early lethality indicated that concomitant diminishment of both Gcn5 and Atxn7 functions is deleterious, but it also prohibited us from determining the effects of altered Gcn5 functions in mature neurons.
We therefore introduced single copies of either the Gcn5 hypomorphic allele (Gcn5 mice survived more than 1 year (Fig. 1B) . These data strongly suggest that decreased Gcn5 levels accelerate the early adult lethality of mice bearing Atxn7 100Q alleles, supporting the hypothesis that Gcn5 loss-of-function may contribute to SCA7 pathogenesis.
Gcn5 partial loss-of-function hastens the onset of progressive ataxia in SCA7 mouse models Since ataxia (uncoordinated locomotion) is one of the major neurological symptoms of SCA7 patients and mouse models (1,2,5,21,31), we next asked if reducing Gcn5 function contributes to the progression of ataxia in our SCA7 mouse model. We first examined mouse hind limb coordination using a tail suspension test (32) . Wt and Gcn5 D/+ mice were able to coordinate stretching of their hind limbs when suspended by their tails (to prepare for landing if dropped). By 7 -8 months of age, 100% (12 out of 12) of Atxn7 100Q/100Q mice also stretched their hind limbs normally upon tail suspension, while only , n ¼ 10; Atxn7
100Q/5Q
, n ¼ 34; Atxn7
; Gcn5 D/+ , n ¼ 12;
100Q/5Q and Atxn7
; Gcn5
, Kaplan-Meier analysis). Survival rate of Atxn7
; Gcn5 fn/+ (dark red line) until 24 months of age is also shown (n ¼ 31;
* P , 0.05 between Atxn7 100Q/5Q and Atxn7 100Q/5Q ; Gcn5 fn/+ , Kaplan-Meier analysis). (B) Survival rate of wt (thin black line), Atxn7
100Q/100Q
(thick black line) and Atxn7
; Gcn5 D/+ (red line), until 24 months of age (wt, n ¼ 10; Atxn7
, n ¼ 18; Atxn7
, n ¼ 12; KaplanMeier analysis).
33.3% (two out of six) of Atxn7 100Q/100Q
; Gcn5 D/+ mice were able to perform normally. Interestingly, one of the four uncoordinated Atxn7 100Q/100Q ; Gcn5 D/+ mice developed a severe clasping phenotype ( Fig. 2A) , and the gait of this mouse deteriorated over time into a severe stagger, causing the mouse to frequently fall to one side (Supplementary Material, Movie S1) up until its death at 8 months of age. Conversely, 92% (11 out of 12) of Atxn7 100Q/100Q mice were able to normally coordinate stretching of their hind limbs, and no clasping phenotype was observed in these 12 Atxn7 100Q/100Q mice throughout their life.
To further evaluate the progression of ataxic gaits, we used a footprint test to quantify changes in the gait of Atxn7 100Q/
100Q
, Atxn7 100Q/100Q ; Gcn5 D/+ and wt mice at 4 months and 8-9 months of age. At 4 months, we found no significant differences between the gaits of Atxn7
100Q/100Q
, Atxn7 100Q/100Q ; Gcn5 D/+ and control mice (data not shown). However at 8-9 months of age, both Atxn7 100Q/100Q and Atxn7 100Q/100Q ; Gcn5 D/+ mice walked with a significantly wider hind stance (wt, n ¼ 5, Atxn7 100Q/100Q ; n ¼ 5, Atxn7 100Q/100Q ; Gcn5 D/+ ; n ¼ 3, P , 0.05 for hindbase width) and dispersed fore-and hind-steps (P , 0.05, for paired distance) relative to wt mice ( Fig. 2B-D and Atxn7 100Q/100Q mice progressively develop mild ataxia, and that Gcn5 partial loss-of-function accelerates the onset and progression of this ataxia in these SCA7 mouse models.
Gcn5 partial loss-of-function worsens cerebellar degeneration in SCA7
Since cerebellar degeneration occurs in human SCA7 patients at moderate/late stages of the disease and strongly correlates with uncoordinated movement, we next asked whether more severe cerebellar atrophy occurred in Atxn7 100Q/100Q mice ; Gcn5 D/+ mice have more uncoordinated walking gaits than Atxn7 100Q/100Q mice at 9 months of age (wt, n ¼ 3; Atxn7 haploinsufficient for Gcn5. The cerebellar vermis showed mild cortical atrophy specifically in the molecular layer (ML) of lobules VI, VII and X in both Atxn7 100Q/100Q and Atxn7
100Q/100Q
; Gcn5 D/+ mice at 8 -9 months of age; however, the atrophy was noticeably more severe in the double mutants (Fig. 3A and Supplementary Material, Fig.  S4 ). Since the ML spans the dendrites or processes of Purkinje cells and Bergmann glia, and both of these cell types are affected in SCA7 patients and mouse models (31,33), we performed a more detailed analysis of these cells in the mutant , n ¼ 2; P , 0.01; Fig. 3B and C) 100Q , 27 + 2, n ¼ 4; P , 0.05; Fig. 3D ). In contrast, Bergmann glia exhibited similar elevated levels of GFAP in both Atxn7 100Q/100Q and Atxn7
; Gcn5 D/+ mice compared with control mice (Fig. 3B) . Together, these data suggest that partial loss of Gcn5 function accelerates cerebellar and Purkinje cell degeneration, but does not further distort Bergmann glia in SCA7 mice.
Gcn5 loss-of-function in Purkinje cells is not sufficient to cause severe cerebellar ataxia
In the above experiments, Gcn5 expression was decreased uniformly in all cell types. However, in SCA7 patients, the most affected neurons in the cerebellum are Purkinje cells (37) (38) (39) (40) . Therefore, to determine whether Gcn5 loss in Purkinje cells is sufficient to cause an SCA7 phenotype, we generated Gcn5-conditional knockout mice using a transgenic Cre allele expressed specifically in Purkinje cells, Pcp2-cre tg (41), and a 'floxed' allele of Gcn5 together with our deletion allele (Gcn5
). Cre-mediated recombination removes exons 3-18 in Gcn5, resulting in a null allele (42) . The resulting Purkinje cell-specific Gcn5-conditional knock-out mice were present at Mendelian ratios at the time of weaning. Using RNA in situ hybridization, only minimal levels of Gcn5 transcripts were detected in Purkinje cells in these Gcn5-conditional mice (Fig. 4A) . These mice exhibited normal hind limb extension in tail suspension assays, but by 11 months of age developed a mildly uncoordinated gait with wider paired distance ( Fig. 4B and C) . The cerebellar vermis in the conditional nulls appeared to be smaller than in wt mice (Fig. 4D) . Since Gcn5 functions as a transcriptional coactivator, we also determined whether loss of Gcn5 affects Purkinje cell-specific transcripts. By quantitative realtime RT -PCR, we found that Calbindin 1 expression was mildly decreased in Purkinje cell-specific Gcn5 null cerebella, to 74.7 + 5% of that in wt animals (n ¼ 3, P , 0.05). These data suggest that loss of Gcn5 in Purkinje cells mildly affects Purkinje cell and cerebellar morphology, as well as cerebellar functions, but is not sufficient to induce a SCA7 phenotype. These data are consistent with the primary role of ATXN7 mutations in SCA7 disease and suggest that some other ATXN7-mediated interactions, beyond those mediated by GCN5, contribute to cerebellar pathology.
Reducing Gcn5 accelerates progression of retinal degeneration in the SCA7 mouse
Since the retina is another major site of neural degeneration in SCA7 patients (1,2), we next asked whether reducing Gcn5 levels affects the progression of retinal degeneration in the SCA7 mouse model. We examined the morphology of the retinas of control and Atxn7 100Q/100Q mice with or without Gcn5 deletion allele at postnatal day 14 (P14) at 1, 2, 4 or 8 months of age. At P14, when all cell types are formed in the retina, Atxn7 100Q/100Q and Atxn7
100Q/100Q
; Gcn5 D/+ had retinal morphologies similar to those of control mice (Fig. 5  and Supplementary Material, Fig. S5 ), indicating that normal retinal development had occurred. However, by the age of 2 months, the retina of Atxn7 100Q/100Q ; Gcn5 D/+ mice had thinner inner (IS) and outer segment layers (OS) when compared with those of control or Atxn7 100Q/100Q mice ( Fig. 5 and Supplementary Material, Fig. S6 ), indicating photoreceptor degeneration. Further thinning of the outer nuclear layer (ONL) and inner nuclear layer (INL) was observed in Atxn7 100Q/100Q
; Gcn5 D/+ retinas at 4 months of age, whereas only mild thinning of the ONL was observed in retinas of Atxn7 100Q/100Q mice (Fig. 5) . By the age of 8 months, retinal ONLs in both Atxn7 100Q/100Q and Atxn7
100Q/ 100Q
; Gcn5 D/+ mice were dramatically thinner when compared with those of the controls. The OS appeared to be completely ; Gcn5 D/+ mice at 2, 4 and 8 months of age, whereas mice of all genotypes have similar retinal structures at P14 using H&E staining (n ¼ 3 mice each genotype). OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. gone in Atxn7 100Q/100Q ; Gcn5 D/+ mice at this time (Fig. 5 ). In summary, both Atxn7 100Q/100Q and Atxn7
100Q/100Q
; Gcn5 Given that transcriptional deregulation is strongly associated with photoreceptor dysfunction and dystrophy in SCA7 mouse models (21, 24, 25) , we next asked whether decreased Gcn5 expression induces transcriptional changes that accelerate retinal degeneration in SCA7 mice. We focused on eight transcripts (Opn1sw, Opn1mw, Rho, Gnat1, Rom1, Grk, Rbp3 and Cnga3) that were found previously to be decreased in early degenerating retinas of SCA7 mouse models, and one non-SCA7 target (Crx) as a control (21, 24, 25) . RNAs were quantified after extraction from retinas of Atxn7 100Q/100Q , Atxn7 100Q/100Q ; Gcn5 D/+ and control mice at P14 at 1, 1.5 and 4 months of age. Consistent with our histological results, expression of all of the SCA7 targets examined was similar in all genotypes at P14; however, expression of these genes progressively decreased from 1.5 to 4 months in the SCA7 mice (Fig. 6) . The pattern of transcriptional decrease was consistent with that previously reported for Atxn7 266Q/5Q mice (21) . While levels of Crx transcript remained steady, a gradual decrease of conespecific transcripts (Opn1sw, Opn1mw), followed by rodspecific (Rho, Gnat1, Rom1) and cone -rod-shared (Grk, Rbp3) transcripts was detected in both Atxn7 100Q/100Q and Atxn7 100Q/100Q ; Gcn5 D/+ retinas. Transcript levels were decreased to a similar degree in both Atxn7 100Q/100Q and Atxn7 100Q/100Q ; Gcn5 D/+ retinas from 1 to 1.5 months. This trend continued to 4 months of age, except that the level of Gnat1 was lower in Atxn7 100Q/100Q
; Gcn5 D/+ than in Atxn7 100Q/100Q mice (Fig. 6 ). Although Atxn7
; Gcn5 D/+ mice undergo accelerated retinal degeneration, the finding that transcript deregulation remains similar during early retinal degeneration in Atxn7 100Q/100Q
; Gcn5 D/+ and Atxn7 100Q/100Q mice suggests that reducing Gcn5 exacerbates retinal atrophy by mechanisms other than affecting the expression of known SCA7 target genes.
DISCUSSION
Previously, two independent studies using different SCA7 transgenic mouse models provided conflicting evidence regarding the effects of polyQ -Atxn7 on the functions of Gcn5 and SAGA complex (24, 25) . Specifically, one study pointed to a loss of function of Gcn5 and SAGA triggered by polyQ -Atxn7 (24) , while the other showed that polyQAtxn7 led to increased recruitment of SAGA to target promoters, resulting in hyperacetylation of histone H3, arguing for enhanced SAGA function in pathogenesis (25) . Data presented here demonstrate that decreased expression of Gcn5 worsens the severity of the two major neurological phenotypes of SCA7 mice (Figs 2 -5) , strongly indicating that loss of function of the SAGA complex contributes to polyQ -Atxn7 neurotoxicity. ; Gcn5 D/+ (purple line) mice at P14, 1, 1.5 and 4 months of age (n ¼ 3 mice of each genotype, * P , 0.05 between wt and Atxn7 100Q/100Q or wt and Atxn7
100Q/100Q
; Gcn5 D/+ ; Student's t-test). Data are presented as mean + SD.
Gcn5 itself appears to be necessary for normal Purkinje cell functions as Gcn5 depletion in these cells leads to mild ataxia (Fig. 4) , which is similar to that observed in transgenic mice that express polyQ -Atxn7 only in Purkinje cells (33) . To some degree, then, Gcn5 loss-of-function mimics the effects of the polyQ insult. The relatively mild phenotypes associated with Purkinje cell-specific polyQ -Atxn7 or Gcn5 deletion also suggest that other cell types may contribute to SCA7. Consistent with this idea, a non-cell autonomous effect from Bergmann glia has been linked previously to SCA7 neurotoxicity (31) . Altered Gcn5 or SAGA functions in this cell type, then, might also contribute to SCA7 cerebellar degeneration. No further morphological distortion of Bergmann glia (Fig. 3B) was observed upon reduction of Gcn5 in Atxn7 100Q/100Q mice beyond that caused by polyQ-Atxn7 alone, but it remains possible that the functions of Bergmann glia are altered upon Gcn5 depletion.
Another key finding reported here is that Gcn5 loss-of-function exacerbates retinal degeneration in SCA7 mice without affecting the transcription of several previously defined polyQ-Atxn7-dependent genes [ Fig. 6 and (21)]. This finding suggests that lower levels of Gcn5 accelerate retinal degeneration in SCA7 mice either by affecting other, yet to be defined transcriptional targets or by affecting non-transcription-related SAGA functions. This point may provide further insight into the discordant results obtained by prior studies, which focused solely on the transcriptional role of Gcn5 and its alteration in SCA7 pathogenesis. Since Atxn7 is part of the SAGA DUB module (18, 19) , the more severe phenotype we observe upon depletion of Gcn5 in our Atxn7
; Gcn5 D/+ mice may reflect combined diminishment of both the DUB and HAT modules of SAGA. As in Alzheimer's, Parkinson's and polyQ neurodegenerative diseases, abnormal accumulation of proteins is one feature of SCA7 neurons. One substrate of Usp22, ubiquitinated H2A, also accumulates in the nuclear inclusions of 100Q-Atxn7 neurons as indicated by immunostaining (Chen and Dent, unpublished data). Our previous work demonstrated that the DUB module in SAGA affects protein stability by regulating ubiquitination of proteins not involved in transcription (20) , raising the possibility that accumulation of polyubiquitinated proteins upon crippling of the SAGA DUB module may directly contribute to SCA7. Future work with Usp22 mutant mice will test this idea.
Clinical features of adult-onset SCA7 include progressive spinocerebellar and retinal degeneration, and these neurological symptoms are recapitulated in Atxn7 100Q/100Q mice after the age of weaning (.3 weeks). In SCA7 patients, cortical cerebellar atrophy, Purkinje cell loss and increased gliosis are frequently reported (37, 39, 40, 43) . Our Atxn7 100Q/100Q mice also exhibited these features of adult-onset SCA7, in distinction to Atxn7 266Q/5Q mice, which have phenotypes that more resemble those of infantile SCA7 disease (21) . The inverse correlation between repeat length and disease-onset, and direct relationship with the progression in SCA7 patients suggests differential neurotoxicity from polyQ -ATXN7 proteins with different polyQ lengths (5, 30) . Consistent with these observations, we found that the length of the polyQ in Atxn7 inversely correlates to lifespan in Atxn7 knock-in mice, which provides a read-out of both disease-onset and progression.
Although our data clearly support a role for the loss of SAGA functions in SCA7, it is important to note that we have not ruled out the possibility that the polyQ -Atxn7 causes a gain of function in some SAGA components. Recent studies of SBMA and SCA1 indicate that the polyQ expansion can have differential effects on the functions of the affected protein, and in some cases can cause both gain-and loss-of-function, depending on post-translational modifications and interacting proteins (9, 12, 13, (44) (45) (46) (47) (48) (49) (50) . Additional studies examining the functions of SAGA components in SCA7 models are needed to address this question.
In conclusion, our data highlight the potential importance of considering the non-transcriptional functions of SAGA, particularly the SAGA DUB module, in disease development, as we demonstrate that polyQ -Atxn7 has additional toxic effects that are probably mediated by other proteins, independent of Gcn5. It will be crucial to identify these other functions as we work towards developing ways to intervene in this devastating disease. ; Gcn5 D/+ mice were generated by crossing Atxn7 100Q/5Q ; Gcn5 D/+ and Atxn7 100Q/5Q mice. Purkinje cell-specific Gcn5-conditional nulls were obtained from crossing Gcn5 D/+ mice carries Pcp2-cre tg (41,51) with Gcn5 flox/flox mice. Genotyping for Gcn5 and Atxn7 alleles was performed using PCR primers as previously described (21, 27) . Pcp2-cre genotype was assessed following the protocol for generic Cre by JAX laboratory. All procedures were performed in accordance with the approved IACUC protocols at MDAnderson Cancer Center.
MATERIALS AND METHODS
Generation of
Survival analysis
PolyQ -Atxn7 mutant mice were housed with control littermates and given ad libitum supply of moist food upon ataxia as diagnosed. Moribund was defined by losing body weight of more than 20%, or loss of mobility. Statistical significant differences were determined by Kaplan-Meier test.
Histological analyses
Deeply anesthetized animals were transcardially perfused with phosphate-buffered saline followed by 4% paraformaldehyde. Isolated organs were fixed in 4% paraformaldehyde overnight. Fixed tissues were then preserved in paraffin or cryo-blocks. For hematoxylin and eosin Y staining (H&E), 6 mm sections of paraffin-embedded mid-sagittal brain or eye were stained with H&E staining protocol (Fisher). Pictures were taken using Olympus SZX12 or Leica DM4000 microscope. For immunofluorescent staining, 20 mm sections of cryo-preserved tissues were used. Briefly, sections were boiled in 10 mM sodium citrate to retrieve antigen. PBST 0.2% was used for permeablizing and washing prior to incubation in anti-Calbindin (1:1000, Sigma) and anti-GFAP antibody (1:600, Dako). Signals were visualized using Alexa 555-conjugated donkey anti-mouse or Alexa 488-conjugated donkey -anti rabbit antibody (all 1:750, Invitrogen). DAPI (Roche) counterstains the nucleus. All pictures were obtained using FV1000 Olympus confocal microscope.
Purkinje cell counts were done by counting nuclei of Purkinje cells in pictures of H&E-stained 6 mm mid-sagittal cerebellar sections (three sections per mouse) from three to four mice of each genotype using Image J software (National Institutes of Health). Samples were renumbered to avoid bias. Statistical significance was determined using Student's t-tests.
Quantification of Purkinje cell soma size. Purkinje cell perikaryons were manually outlined from 12 mm z-stacked images of Calbindin1-labeled mid-sagittal cerebellums (three to four images of each mouse) using Image J software (National Institutes of Health). A total of 135 cells in lobule VI from two to three animals were analyzed for each genotype.
Footprint analyses
Behavior tests were performed between 2 and 6 pm with animals maintained on a C57BL/6J:129/SvEv mixed background at F3 or F4 backcrossing to C57BL/6J.
Footprint analysis was done as previously described (52) . Briefly, fore-and hind-paws of mouse were painted with nontoxic red and blue paints. Then the mouse was allowed to walk through a tunnel (17 in.-long, 3 in.-wide, 3 in.-height) lined with a fresh paper at the bottom of each test. Statistical difference was first tested using one-way ANOVA between males and females. Data were only pooled together when there is no difference between genders. Statistical significant difference was determined by Kruskal -Wallis test.
Quantitative RT -PCR and primers
All tissues were dissected and snap-frozen in liquid nitrogen at 5-8 pm after overdose anesthesia. Total RNA was prepared using TRIZOL Reagent (Invitrogen) according to the instructions of manufacturer followed by on-column DNase I (Qiagen) treatment. cDNA were generated using 200 ng of total RNA by SuperScript III reverse transcriptase (Invitrogen) with poly dT primers following the instructions of manufacturer. cDNA were quantified using specific primers and SYBR Green PCR Master Mix (Applied Biosystems). Triplicates were performed. b-actin cDNA was quantified as normalizing control. The mean value for three animals was used for the level of each genotype. Statistical difference was calculated using Student's t-test. 
